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Here we study the magnetic proximity effect in amorphous layered magnets of alternating high- and low-Tc
materials using magnetometry and polarized neutron reflectivity. By altering the thickness of either the high-
or low-Tc layer we are able to extract the induced magnetic moment in the low-Tc layer directly and study how
it scales with thickness. We observe that the ordering temperature of the low-Tc layer is enhanced and above
which a second magnetically ordered state with a very large extension is observed. This induced magnetic state
survives to a temperature at least three times that of the ordering temperature of the low-Tc layer and the induced
magnetization is approximately constant throughout at least a 10-nm-thick layer. The induced magnetic region
within the low-Tc layer does not depend on the thickness of the adjacent high-Tc layer.
DOI: 10.1103/PhysRevMaterials.3.054409
I. INTRODUCTION
The magnetic proximity effect refers to an induced mag-
netic ordering in an intrinsically nonmagnetic material which
is brought about by proximity to a magnetic material [1,2]. It
is typically observed in composite or layered structures, where
one component is ferromagnetic (FM) or antiferromagnetic
(AFM) and the other is paramagnetic (PM) or has a lower
ordering temperature [3]. The influence of such a proximity
effect can be diverse. In FM-PM systems a magnetization
can be induced in the PM material and in FM-FM or FM-
AFM systems the ordering temperature (Tc or TN) can be
enhanced [4–6]. The induced magnetization can in turn result
in nonoscillatory interlayer exchange coupling across metallic
spacers [7] as well as spring-magnetic behavior and long-
range exchange bias through intrinsically paramagnetic layers
[5].
Nanoscale magnetic devices such as magnetic memory,
sensors, and logic devices are typically composed of layers of
coupled magnetic and nonmagnetic materials [8,9]. Magnetic
proximity effects will inevitably influence the performance of
such devices and must be taken into account in their design
[3]. Layering of different types of magnetic materials is also
a powerful way to tune or enhance their overall magnetic
properties [10]. In this context, the proximity effect can,
for example, be used to increase the ordering temperature
of dilute magnetic semiconductors [11], control interlayer
coupling [5] or induce ferromagnetism or more complex spin
textures in topological insulators [12–14]. Therefore, it is
important to gain a better understanding of the magnetic
proximity effect and determine its size and extension in tech-
nologically important systems.
The proximity effect arises because of magnetic interac-
tions between atoms across the interface and hybridization
of interface states [2]. It has generally been considered to
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be short-ranged, typically extending only a few atomic layers
into the nonmagnetic material [2,3,15]. For example, in the
much studied Fe/V system the magnetic moment in the V has
an exponential decay length of approximately 0.3 nm [15] but
by replacing the V with an FeV alloy the decay length can
be extended to 1.7 nm [16]. A somewhat larger proximity
effect is found in high susceptibility paramagnets such as
Pd and Pt where the induced magnetization can extend up
to a few nanometers into the paramagnet [17–19]. Recently,
however, it has been shown indirectly that in amorphous het-
erostructures the effect can extend several tens of nanometers
into the nonmagnetic material [5]. This is achieved by tuning
the composition of the amorphous alloys such that they are
on the verge of ferromagnetism or have a low ferromagnetic
ordering temperature. By using amorphous materials it is
possible to tune the intrinsic ordering temperature without
significantly affecting the interface structure since there is
no lattice mismatch at the interfaces [20,21]. In addition, the
density modulations inherent in such disordered alloys could
contribute to the long range of the proximity effect [22,23].
Here we study the magnetic proximity effect in amorphous
multilayers which are composed of alternating high- and low-
Tc layers by a combination of magnetometry and polarized
neutron reflectivity. This allows us to measure directly the
magnetization which is induced in the low-Tc layers above
their intrinsic ordering temperature and determine how the re-
gion of induced magnetization scales with the layer thickness.
The results show that proximity effects can induce an almost
constant magnetization with a remarkably long extension in
an intrinsically paramagnetic amorphous material.
II. EXPERIMENTAL METHODS AND DESIGN
The samples were grown at room temperature by dc mag-
netron sputtering in a sputtering chamber with a base pressure
below 5 × 10−10 Torr. The sputtering gas was Ar of 99.9999%
purity and the growth pressure was 2.0 mTorr. Si(100) sub-
strates with the native oxide layer were used. The substrates
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FIG. 1. (a) A schematic of the sample structure (left) and the magnetization profile of one bilayer, below T Bc (right). The solid lines are
a simple constant magnetization approximation, whereas the dashed lines represent a smoothly varying magnetization across the interfaces.
(b) x-Ray reflectivity of the multilayer with dB = 5 nm and dA = 1 nm including a fit. (c) A representative grazing incidence x-ray diffraction
scan of a multilayer sample showing a broad characteristic amorphous peak. (d) Remanent magnetization for Co85(Al70Zr30)15 (layer A) and
Co60(Al70Zr30)40 (layer B) showing an ordering temperature of T Bc = 103 ± 5 K for the Co60(Al70Zr30)40. The data are normalized to the
saturation magnetization at 10 K.
were annealed in vacuum at 550 ◦C for 30 minutes prior
to growth. First, a 2-nm-thick buffer layer of Al70Zr30 was
deposited on the substrate from an Al70Zr30 alloy target (pu-
rity 99.9%). Subsequently, a multilayer of Co85(Al70Zr30)15
(layer A) and Co60(Al70Zr30)40 (layer B) was grown by
cosputtering from Co (purity 99.9%) and Al70Zr30 targets,
always beginning and ending with a Co85(Al70Zr30)15 layer.
Between layers, the shutters in front of all magnetrons were
closed momentarily while the power applied to the Co mag-
netron was changed to obtain the desired composition. The
composition was determined by careful rate calibrations for
each magnetron. All samples were capped with a 3-nm layer
of AlZr. The sample structure is shown schematically in
Fig. 1(a). The room temperature growth, choice of compo-
sitions, and the use of an Al70Zr30 buffer layer ensures that
the films are fully amorphous and that the interfaces are
sharp [24,25]. x-Ray reflectivity (XRR) and grazing incidence
x-ray diffraction (GIXRD) measurements were performed to
confirm this. A PANalytical X’pert Pro diffractometer was
used, equipped with a Göbel mirror on the incident side and a
parallel plate collimator on the diffracted side. Characteristic
XRR and GIXRD measurements are shown in Figs. 1(b)
and 1(c), respectively. The XRR shows clear multilayer Bragg
peaks which arise due to the periodicity in the sample density,
as well as Kiessig thickness fringes up to at least 2θ = 7◦,
attesting to the low surface and interface roughnesses. Fitting
of the XRR data using the layer model shown in Fig. 1(a) gives
interface widths of approximately 0.4-nm rms and confirms
that the actual thicknesses agree with the nominal ones. We
can therefore rule out intermixing between layers or interlayer
coupling due to interface roughness (orange peel coupling).
The GIXRD (performed with the incidence angle fixed at
ω = 1◦) shows a single broad peak centered at approximately
2θ = 45◦, characteristic of an amorphous structure (see, for
example, Ref. [26]).
The difference in cobalt content results in different intrinsic
ordering temperatures of layers A and B when grown sep-
arately. Layer A has an ordering temperature T Ac which is
well above room temperature, whereas layer B has an ordering
temperature of T Bc = 103 ± 5 K, as shown by the temperature
dependence of the remanent magnetization of each layer in
Fig. 1(d). Below the ordering temperatures of both layers they
are both ferromagnetic but the magnetization of layer B will
be significantly lower than that of A, as shown schematically
in Fig. 1(a). In the temperature regime between the two
ordering temperatures there will be an induced magnetization
in the B layer due to the proximity to the A layer but its size,
extension, and profile is unknown. In order to study these
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factors, two thickness series of the layers were produced:
(i) with the layer A thickness fixed at dA = 5 nm and the B-
layer thickness dB in the range 2.5 to 10 nm (hereafter referred
to as the B-layer series) and (ii) with the B-layer thickness
fixed at 5 nm and the A-layer thickness in the range 1 to
10 nm (hereafter referred to as the A-layer series). In addition,
a uniaxial in-plane anisotropy was induced in the A layers
by applying a magnetic field of approximately Him = 0.1 T
during growth [24,25]. The total magnetic moment of the mul-
tilayers was measured using vibrating sample magnetometry
(VSM) in a longitudinal geometry. Full hysteresis curves were
measured parallel to the plane of the films at each temperature
and the saturation moment at 20 mT extracted.
Polarized neutron reflectivity (PNR) measurements were
carried out on the Super ADAM beamline at the Institut Laue–
Langevin to study the magnetization profile of the multilayers.
The neutron wavelength was 5.183 Å and the measurements
were performed at 120 K (somewhat above T Bc ). A guide field
of 1.5–3.0 mT was used to maintain the neutron polarization
parallel to the plane of the films and an electromagnet was
used to saturate the sample along the in-plane easy axis, which
was in all cases parallel to the guide field. The data was
normalized by a monitor to account for fluctuations in the
neutron flux and to correct for points measured for different
lengths of time. A constant slit opening for the entire data
set was chosen such that the sample was overilluminated
which was corrected for before fitting. Fitting of the data was
performed in the GenX software package [27] using the layer
model depicted in Fig. 1(a).
III. RESULTS AND DISCUSSION
Representative magnetic hysteresis curves for the multilay-
ers can be seen in Fig. 2(a) where the magnetization is mea-
sured at an in-plane angle of ϕ = 0◦ and ϕ = 90◦ with respect
to the growth field. The uniaxial anisotropy imprinted by the
growth field results in a square hysteresis loop for ϕ = 0◦ (the
easy axis) and a linear hysteresis loop with zero remanence
along ϕ = 90◦ (the hard axis). The measurements shown in
the figure are for the sample with dB = 5 nm and dA = 10 nm
at room temperature but the general shape of the hysteresis
curves is the same at all temperatures and for all samples.
The saturation (20 mT) magnetization extracted from such
hysteresis loops as a function of temperature is shown in
Fig. 2(b) for the B-layer series. For the sample with dB =
10 nm, a clear change in slope dM/dT is seen at approxi-
mately 140 K, which is somewhat above the intrinsic ordering
temperature of the B layer. This indicates that the multilayer
has an ordering temperature that is above T Bc , although the
exact temperature cannot be pinpointed with the current data.
For thinner B layers (2.5 nm and 5.0 nm) the magnetization
appears to decrease monotonously with increasing tempera-
ture and there is no clear sign of a magnetic phase transition.
This is strong evidence of a large magnetic proximity effect.
However, it is difficult to determine with any certainty from
this data presentation how the magnetization of the B layer
changes because of the relative size of the magnetization of
the A and B layers.
The scaling of the magnetization with dB gives an insight
into the size and extension of the induced magnetization in the
FIG. 2. (a) Room-temperature magnetization, normalized by the
saturation magnetization, versus applied in-plane magnetic field for
the multilayer with dB = 5 nm and dA = 10 nm. The field is oriented
either parallel (red) or perpendicular (black) to the applied growth
field, resulting in an easy or hard axis response, respectively. (b) The
saturation magnetization of the B-layer thickness series as a function
of temperature.
B layer. The simplest model to describe the magnetization of
the layers is to assume that it is constant within each layer.
This is depicted in Fig. 1(a) with the solid blue lines. In this
case, the average magnetization of a bilayer of thickness λ =
dA + dB is given by the weighted average of the magnetization
of the two layers, which can be expressed as
Mavg = dA(MA − MB) 1
λ
+ MB, (1)
where Mavg is the average saturation magnetization of the
bilayer and MA and MB the saturation magnetizations of layers
A and B, respectively [16].
Figure 3(a) shows the measured magnetization, plotted as
a function of the inverse bilayer thickness for the B-layer
series. The linear dependence with a nonzero intercept at all
temperatures is striking and fully consistent with Eq. (1).
The variation in the slope is due only to a variation in the
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(b)
FIG. 3. (a) The saturation magnetization versus the inverse bi-
layer thickness for a selection of temperatures for the B-layer thick-
ness series. The solid lines are fits to the data and the dashed line is
the linear model [Eq. (1)] with MB set to zero (no proximity effect).
(b) The magnetization of the B layer, MB, extracted from the intercept
of the fitted lines in (a). The intercept corresponds to MB according
to the linear model [Eq. (1)].
magnetization of layer B since both MA and dA are constant
in this thickness series. The slope is positive due to the fact
that MB < MA and increases with increasing temperature, in
line with a decreasing MB. The intercept yields MB directly
which should reduce to zero above T Bc in the absence of a
proximity effect, as shown by the dashed line in the figure
(where we use the measured “bulk” value of MA). This is
clearly not the case, even at room temperature, showing that
there is a proximity induced magnetization in layer B at
three times its intrinsic ordering temperature. Furthermore, an
exponentially decaying profile of the induced magnetization
would be expected away from the interfaces [5], which would
result in a nonlinear scaling of M with λ−1 [16]. This is
not observed in Fig. 3(a), meaning that the magnetization is
indeed approximately constant throughout the entire thickness
of the layer at all temperatures. Therefore, either the decay
length is significantly longer than the largest B-layer thickness
(10 nm) or the magnetization decays to a constant value with a
decay length much smaller than the smallest dB. This scenario
is depicted schematically in Fig. 2(a) with the dashed lines.
The temperature dependence of the magnetization of layer
B is shown in Fig. 3(b). The values are extracted from the
intercepts of the linear fits in Fig. 3(a). The magnetization
decreases with increasing temperature, as expected, but is
nonzero at all measured temperatures as previously noted.
However, there is a critical point in the curve at a temper-
ature somewhat above T Bc reminiscent of the ferromagnetic
to paramagnetic phase transition which occurs in B on layer
its own at T Bc . This shows the dual impact of the magnetic
proximity effect; first, it enhances the ordering temperature
of the B layer and, second, it induces a new magnetically
ordered state with a very large extension, which survives to
much higher temperatures.
This dual impact of the proximity effect is consistent
with a previous study of a similar amorphous heterostructure
composed of a B layer sandwiched by an A layer and a SmCo
hard magnet layer [5]. This study showed that the proximity
effect resulted in both spring-magnet behavior and exchange
bias but the two had very different temperature dependence
and extension. Below the enhanced ordering temperature they
had an induced ferromagnetic state with a significant spin
stiffness which could sustain a spring-magnet effect. At higher
temperatures they had a magnetic state with a significant
moment but negligible spin stiffness (a super-paramagnetic-
like state) which could cause an exchange bias on an adjacent
magnetic layer. In the multilayers studied here we do not have
a spring-magnet effect or exchange bias since all layers have a
small anisotropy and the structure switches as a whole. How-
ever, we are able to detect the induced magnetization directly
for the two different magnetic phases. The large extension
of the proximity effect and the resulting complex magnetic
phase diagram can be explained by the amorphous structure
and composition of the films. In general, the hybridization
of the 3d band of the ferromagnet across the interface will
decay rapidly away from the interface on a length scale of
a few atomic layers. However, the ordering temperature of
the B layer is strongly dependent on the amount of Co and
therefore a small increase in the density of states can be
sufficient to enhance it significantly. In addition, the inherent
local variation in the concentration of the magnetic element
within the amorphous alloy means that it will inevitably have
local variations in Tc with interconnected regions of high
and low magnetic coupling strength [22]. An effective field
from the adjacent ferromagnets can therefore polarize the
amorphous alloy far above its intrinsic ferromagnetic ordering
temperature.
The temperature dependence of the magnetization of
the A-layer thickness series is presented in the inset of
Fig. 4(a). Note that the sample dA = dB = 5 nm is common
to both thickness series. There is no inflection around T Bc
for any of the samples, and the magnetic moment decreases
monotonously. This indicates that the induced magnetization
in layer B does not depend on the thickness of the source layer.
The scaling of the magnetization of the A series with λ−1
can be seen in Fig. 4(b). Assuming a constant magnetization
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(a)
(b)
FIG. 4. (a) The magnetization of the A-layer thickness series as a
function of temperature. The magnetization decreases monotonously
with increasing temperature. (b) The bilayer thickness dependence
of the magnetization of the A series for selected temperatures.
The magnetization does not vary linearly with thickness over the
entire thickness range. The vertical dashed gray lines in (a) mark
the temperatures shown in (b).
throughout the A layer, we would arrive at an expression for
the average magnetization identical to Eq. (1), but with labels
“A” and “B” reversed. However, the magnetization does not
scale linearly with the inverse bilayer thickness. The dotted
line in the figure shows the simple linear model using the
measured bulk value for MA and the value for MB extracted
from Fig. 3(b), at 40 K. The samples with thicker A layers
(5 nm and 10 nm) follow the model well but for smaller
thicknesses (1.0 nm and 2.5 nm) the magnetization is lower
than expected. This is a sign of a finite-size effect, where the
magnetization in layer A is suppressed close to its interfaces
[26], as shown schematically in Fig. 2(a). From the thickness
where the data diverge from the dotted line, we can infer that
the magnetically suppressed interface layer is between 1.25
FIG. 5. The coercivity as a function of temperature for the A
sample series. The gray vertical line marks the intrinsic T Bc .
and 2.5 nm in thickness. A similar trend is not observed in the
B-layer series since the magnetization at the B-layer side of
the interfaces is in all cases enhanced by the proximity to the
A layers. It is also worth noting that the magnetic proximity
effect actually alters the finite-size effect, since the magneti-
zation in the A layer does not go to zero at the interfaces as it
would at an interface with a fully nonmagnetic material.
The temperature dependence of the coercivity of the A-
layer series is shown in Fig. 5. In all cases we see a single-step
switching, i.e., with both the A and B layers switching simul-
taneously, as shown in Fig. 2(a). For dA = 10 nm the coercive
field is very small (approximately 0.05 mT) and constant
throughout the entire temperature range. For smaller dA the
coercive field at 20 K increases due to the decreasing total
magnetic moment of the A layers and the decreasing magneti-
zation of the multilayer as a whole. This results in a decreasing
torque from the applied field and therefore a higher field is
required to switch the magnetization. At higher temperatures
the coercive field of these samples decreases until it reaches a
similar Hc as for the sample with dA = 10 nm. The drop in Hc
occurs in those cases in a temperature region extending well
above T Bc , where for dA = 1 nm the enhancement in coercivity
extends up to approximately 200 K.
Above T Bc the A layers should switch independently of
each other and their coercivity be determined by their intrinsic
coercivity and finite-size effects. Below T Bc the coercive field
will be governed by the interplay between the coercivity
of the B layers and the A layers. The B layers have an
unknown coercivity and anisotropy since both properties may
be strongly affected by the proximity of the A layers during
growth. What we observe is that for thin dA, the increase in
the coercive field extends to much higher temperatures than
expected. This must be due to a ferromagnetic ordering and
spin stiffness in the intrinsically paramagnetic B layer due to
the proximity of the ferromagnetic A layer which is sufficient
to alter the overall coercivity of the multilayer.
The VSM measurements suggest that the magnetization
of layer B within the multilayer can be well approximated
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FIG. 6. (a) PNR measurements of the multilayer sample with
dA = 1.0 nm and dB = 5.0 nm (blue dots), including fits (red lines),
for the up-up and down-down spin channels, taken at 120 K. (b) Nu-
clear and magnetic scattering length density as a function of depth,
producing the fits shown in (a).
by a constant value throughout its thickness. Yet they also
show that finite-size effects reduce the magnetization of the
A layers close to their interfaces. To investigate the profile of
the magnetization in the A and B layers further and confirm
the size of the magnetization in layer B, we have carried out
PNR measurements. PNR gives depth resolved information
about the magnetic moment of the sample and is therefore
ideally suited for the study of magnetization profiles in layered
structures. The reflectivity curves for the up-up and down-
down spin channels are shown in Fig. 6(a) for the sample
with nominally dA = 1.0 nm and dB = 5.0 nm, collected at
a temperature of 120 K. Clear multilayer (Bragg) peaks are
observed corresponding to both the nuclear and magnetic
periodicity of the multilayer. Fitting in GenX yields thickness
values of 1.3 and 4.3 nm for the A and B layers, respectively,
and interface widths of approximately 0.6 nm. In addition, a
1.3 nm SiO2 is included on the substrate and a 3.2-nm surface
oxide on the capping layer. The densities of each layer are
fitted and allowed to vary by approximately 10% from the
calculated values to allow for the slight reduction in density
due to the amorphous structure. This agrees well with the
XRR results, although the interface widths are slightly higher
in the PNR fit.
The fact that the up-up and down-down spin channels are
different shows that there is indeed a magnetic contribution
to the scattering length density (SLD). The full nuclear and
magnetic SLDs obtained by fitting in GenX are shown in
Fig. 6(b) as a function of depth z. A constant magnetization is
assumed throughout the B-layers, in line with the simple mag-
netization model above [Eq. (1)], but the interface roughness
is allowed to vary, producing the smoothly changing magnetic
SLD across the interfaces. Since there is little nuclear contrast
between layers A and B the roughness has a minimal effect
on the nuclear SLD, whereas the strong magnetic contrast
means that the roughness affects the magnetic SLD strongly.
Therefore, although the same interface roughness is applied
to both the nuclear and magnetic SLDs, the fitting is more
sensitive to the magnetic interface profile than the structural
(or nuclear) interface profile. The smoothly varying magnetic
SLD is therefore a good approximation of the proximity
induced magnetization profile across the interfaces, which
explains why the PNR yields slightly higher interface widths
than XRR. Nonetheless, layer thicknesses obtained in this way
are consistent with XRR measurements and one bilayer is
highlighted with the vertical dashed lines in the figure. The
model fits the data well and the best fit is obtained with a
nonzero moment in the middle of the B layers which confirms
that the B layers carry a magnetic moment above T Bc . The
magnetic SLD can be converted to units of magnetization as
shown in the figure. By integrating the magnetization over the
thickness of layers A and B we can determine that the average
magnetization in the layers is MA = 510 kA/m and MB =
150 kA/m. MA is somewhat lower than the measured bulk
value of 980 kA/m due to the finite-size effect and MB is quite
consistent with the value determined by applying the linear
model to the VSM data in Fig. 3(b). These values correspond
to an average magnetic moment per Co atom of 0.75 μB and
0.35 μB in the A and B layers, respectively. By integrating
over the entire magnetization profile we find that the total
magnetization is 230 kA/m which is in good agreement with
the magnetization measured by VSM at 120 K.
IV. CONCLUSIONS
The magnetic proximity effect was investigated in mul-
tilayered structures of alternating Co60(Al70Zr30)40 (low Tc)
and Co85(Al70Zr30)15 (high Tc). By fixing the thickness of the
high-Tc layer, the range of the induced magnetic ordering due
to the proximity effect in the low-Tc layer was determined
by VSM measurements. The size of the induced magneti-
zation is approximately constant throughout a 10-nm-thick
Co60(Al70Zr30)40 layer, even at three times its intrinsic order-
ing temperature T Bc . However, PNR measurements show that
there is an interface region of smoothly varying magnetization
between the layers but this region is small compared to the
smallest B-layer thickness studied. Although the low-Tc layer
carries a magnetic moment in the entire temperature range
studied, there are signs of a magnetic phase transition at a
temperature somewhat above T Bc . This indicates that there are
two different magnetic phases induced by the proximity effect,
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with different temperature dependence and extension. These
results demonstrate the intricacies of magnetic proximity ef-
fects in amorphous metals and how they can fundamentally al-
ter the behavior of such materials in layered structures. Much
is still unknown about the nature of the induced magnetization
such as its dynamic properties and the potential for controlling
its size and extension with parameters other than temperature.
Besides the obvious need to take magnetic proximity effects
into account in the design of magnetic nanostructures, there
is great potential for using them to enhance the properties
of low-Tc materials or for tuning of magnetic properties in
heterostructures.
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